Abstract Despite the importance of Ni-polluted soils throughout the world, comparatively little is known about the activity of Ni 2+ required to reduce plant growth and the eVects that Ni 2+ toxicity has on the plant. Cowpea (Vigna unguiculata (L.) Walp. cv Caloona) was grown in dilute nutrient solutions to investigate the eVect of Ni 2+ activity on shoot and root growth. A Ni 2+ activity of 1.4 M was found to cause a 10% reduction in the relative fresh mass of the root and shoots. The primary site of Ni 2+ toxicity was the shoots, with the younger leaves displaying an interveinal chlorosis (possibly a Ni-induced Fe deWciency) at Ni 2+ activities ¸1.7 M. Lateral root formation was inhibited in the two highest Ni 2+ treatments (3.3 and 5.1 M), and the roots growing at the highest Ni 2+ activity were short and stubby and brown in color. However, no other symptoms of toxicity were observed on the roots at lower Ni 2+ activities.
Introduction
Although Ni is natural component of the soil, human activities such as metal processing, landapplication of sludges, and the use of certain fertilizers can lead to an accumulation of Ni at potentially toxic levels (Kabata-Pendias and Pendias 2001). Indeed, a soil near a metal processing site in Canada was reported to contain Ni at concentrations of up to 3 mg g ¡1 (0.3%) (Freedman and Hutchinson 1980) . In addition to anthropogenic pollution, Ni may also accumulate in soils naturally. For instance, soils formed from serpentine (ultramaWc) minerals often contain high Ni concentrations, with serpentine soils in Queensland (Australia) reported to contain Ni at concentrations of up to 16 mg g ¡1 (1.6%) (BatianoV and 1 3
Singh 2001). Studying a soil amended with sewage sludge, Percival (2003) reported soil solution Ni concentrations of up to 13 M. In plants, Ni is a component of the enzyme urease and is considered an essential micronutrient for growth (Brown et al. 1987) . However, excess Ni is known to be toxic and many studies have been conducted concerning Ni toxicity of various species (see reviews by Mishra and Kar (1974) , Seregin and Kozhevnikova (2006) ). Often, these studies have been conducted in relatively small volumes of standard nutrient solutions with initial nutrient concentrations orders of magnitude higher than are commonly found in soil solutions. Again, plant growth has often been related to intended initial Ni concentrations rather than to concentrations measured during the course of the experiment or to calculated Ni 2+ activities. Hence, despite the importance of Ni toxicity, it remains unclear as to what Ni 2+ activity will cause a reduction in plant growth under conditions similar to those experienced in 'typical' soil solutions.
The objective of the current work was to use dilute nutrient solutions as found in soils to determine the Ni 2+ activity associated with a reduction in the growth of cowpea. Growth of both the roots and the shoots were related to Ni 2+ activities calculated from measured the Ni concentrations. Light microscopy was used to examine the eVect of Ni 2+ on root morphology.
Materials and methods

Solution culture
The experiment was conducted in semi-controlled glasshouse conditions at The University of Queensland, St Lucia, Australia (27°29Ј43ЈЈ S, 153°0Ј35ЈЈ E). The glasshouse received natural sunlight which was supplemented by high-pressure sodium lamps, thereby providing 16 h of light per day. Photosynthetically active radiation, measured at plant height, generally reached a daily maximum of approximately 1,500 mol m ¡2 s
¡1
, depending upon the weather conditions. Temperature was maintained at 28°C during the day and at 25°C during the dark. A soaker hose was used to increase relative humidity in the glasshouse, which generally ranged between 40 and 80% during the day, and reached a maximum of 90-95% during the night. Average net daily pan evaporation throughout the experimental period was 2.5 mm.
The experiment was conducted as described by Kopittke et al. (2007) , but is brieXy described here. Twelve polypropylene containers (22 l; 265 mm diameter by 400 mm deep) were arranged in a completely randomised block design with a total of 12 treatments, replicated twice over time. (Parker et al. 1995) showed that, under the conditions of the experiment, it would complex only 0.16% of the total Ni, compared with 7.6% for EDTA, 32% for NTA, and 96% for HEDTA. The Fe was supplied as FeCDTA and was prepared as described by Kopittke et al. (2007) .
The basal nutrient solution was prepared and adjusted to pH 4.5 with 0.1 M HCl. An appropriate amount of a 10.5 mM NiSO 4 · 6H 2 O stock solution was added to each of the 21 l basal nutrient solutions to establish the required Ni concentrations (see earlier). Each container was aerated for 24 h and connected to a separate pH titration unit (TPS, miniCHEM-pH) and peristaltic pump (MasterXex 5 RPM with MasterXex Tygon tubing, L/S 17) which was in turn connected to a reservoir of 2 mM Ca(OH) 2 .
Cowpea seeds (Vigna unguiculata (L.) Walp. cv Caloona) were imbibed in aerated 200 M CaSO 4 solution for 2 h. Seeds were rolled in paper towel, and germinated for 36 h at 30°C with the lower ends of the paper towel immersed in tap water. Four seedlings with radicle lengths of 10 § 2 mm were transferred to each container. Nutrients removed from the solutions by the plants were replaced by the addition of small volumes of a delivery nutrient solution (see Kopittke and Menzies (2006) Electrical conductivity (EC) was measured every 2 d. Nutrient solution samples were taken 0, 2, 6, and 13 d after planting, Wltered (0.22 m Millipore GSWP), acidiWed to pH <2.0 using 20 l of concentrated HCl, and refrigerated (3.5°C) before analysis by inductively coupled plasmaoptical emission spectrometry (ICPOES) for B, Ca, Cu, Fe, K, Mg, Mn, Na, P, S, Si, and Zn, and inductively coupled plasma-mass spectrometry (ICPMS) for Ni. Upon completion of the experiment, selected roots were taken from each treatment, stained using 0.5% crystal violet, and examined using light microscopy. The fresh mass of the remaining roots and shoots was determined, the roots thoroughly rinsed in deionized water (5 min), and the elemental concentrations of both the roots and shoots determined using ICPOES after drying for 7 d at 65°C and acid digestion.
For relative shoot and root mass, a grouped regression analysis (Wtting logistic curves) was performed using GenStat 7 (GenStat 2003). Regression analysis was also used to examine the relationship between the nutrient solution Ni 2+ activity (calculated from the concentrations measured in the nutrient solution 6 d after planting) and the root and shoot Ni concentrations as determined upon completion of the trial (GenStat 2003) . All calculations of ionic strength (I) and ion activities were performed using PhreeqcI 2.12.5 with the Minteq database (Parkhurst 2006) . Chelated Ni accounted for <0.2% of the total solution Ni. The Ni 2+ ion accounted for approximately 95% of the solution Ni with the remainder mostly present as the uncharged NiSO 44 0 ion-pair.
Results
The addition of Ni to the nutrient solutions caused a reduction in the fresh masses of the cowpea shoots and roots (P < 0.001), with the relative masses of the roots and shoots decreasing at similar rates as Ni 2+ activity increased (P = 0.380) (Fig. 1) . Hence, a single curve adequately described the responses of both shoots and roots (Fig. 1) . The critical toxic Ni 2+ activity (corresponding to 90% relative fresh mass) was calculated to be 1.4 M for both the roots and the shoots.
The solution Ni concentrations were relatively constant over the 13 d experimental period, decreasing by no more than 6% in any treatment (data not presented). Using the mean measured Ni concentrations in the nutrient solutions, PhreeqcI was used to calculate the mean Ni 2+ activity for each treatment, viz: 0, 0.082, 0.17, 0.33, 0.69, 0.95, 1.3, 1.7, 2.0, 2.7, 3.3, and 5.1 M Ni 2+ . The concentrations of all nutrients measured also remained relatively constant over time, indicating that the calculated rates of addition corresponded closely to the rate of plant uptake (data not presented). Indeed, the nutrient solution EC varied by no more than 8% in any of the treatments (data not presented).
At non-growth limiting Ni 2+ activities (<1.4 M), shoot tissue nutrient concentrations were largely independent of the solution Ni 2+ activity (Table 1 ). However, above the critical Ni 2+ activity of 1.4 M, an increase in Ni 2+ caused a decrease in the shoot tissue concentrations of Ca, Cu, Fe, K, Mg, Mn, and Zn (Table 1) . This is in contrast to the nutrient composition of the roots, where, apart from an increase in Fe and a decrease in Zn at high Ni 2+ activities, the root As the solution Ni 2+ activity increased, the shoot and root tissue Ni concentrations also increased (Fig. 2) . However, the rate of increase in root Ni was greater than that observed in the shoot Ni. Thus, the root concentrations (21-400 g g ¡1 ) were 3-10 times higher than the shoot Ni concentrations (5-66 g g ¡1 ) ( Table 1 ). The critical tissue Ni concentrations corresponding to 90% relative yield (1.4 M Ni 2+ ) were 42 g g ¡1 for the shoots and 440 g g ¡1 for the roots (Fig. 2) .
The shoots of plants grown in solutions containing a Ni 2+ activity ¸1.7 M displayed interveinal chlorosis (Fig. 3d) . This interveinal chlorosis was especially evident on the younger leaves, although the older leaves in the 5.1 M Ni 2+ treatment also displayed interveinal chlorosis. Roots growing in the two highest Ni 2+ treatments (3.3 and 5.1 M) were short and stubby with no lateral roots except those produced in the air space above the nutrient solution (at the base of the root) (Fig. 3b) . At 5.1 M Ni 2+ the roots were also dark brown in color and the root tips slightly misshapen (Fig. 3) . Root hair growth was poor in all treatments (including the control) probably due to the low pH of the nutrient solutions (see Kopittke et al. (2007) for further details).
Discussion
Nickel was found to be quite toxic to the growth of cowpea, a 10% reduction in relative shoot and root mass occurring at a Ni 2+ activity of 1.4 M (Fig. 1) . This value may be compared to 10 M Ni for lettuce (Lactuca sativa L.) (Heikal et al. 1989) and 17 M Ni for bean (Phaseolus vulgaris L.) (Piccini and Malavolta 1992 (Kopittke et al. 2007 )) under similar experimental conditions in the present study indicates that for cowpea, Ni 2+ is of similar toxicity to Cu 2+ but is less toxic than Pb 2+ . However, the relative toxicity of trace metals is dependant upon the plant species (Seregin and Kozhevnikova 2006) so these Wndings should not be extrapolated to other species.
The tissue Ni concentrations corresponding to 90% relative fresh mass were 42 g g ¡1 for the shoot and 440 g g ¡1 for the root (Fig. 2) . In other agricultural and horticultural species, growth reductions have been reported to be associated with tissue Ni concentrations of 35 g g ¡1 for the shoot and 45 g g ¡1 for the root of fenugreek (Trigonella corniculata L.) (Parida et al. 2003) , approximately 50 g g ¡1 for the leaves and 250 g g ¡1 for the root of bean (Piccini and Malavolta 1992) , and approximately 25 g g ¡1 for the shoot and 2000 g g ¡1 for the root of maize (Zea mays L.) (Baccouch et al. 1998) .
Shoot and root growth were reduced equally by Ni 2+ (Fig. 1) , with no signiWcant diVerence between separate regressions Wtted to the shoot and root data (P = 0.380). Whilst the shoots showed symptoms of Ni 2+ toxicity at activitieş 1.7 M, examination by light microscopy revealed that Ni 2+ did not cause visual damage roots in any treatment other than at the highest Ni 2+ activity (5.1 M) (Fig. 3) . It is therefore concluded that the primary site of Ni 2+ toxicity in cowpea is in the shoots, with the observed reduction in root mass possibly the result of a decrease in the translocation of carbohydrates to the roots as suggested by Baccouch et al. (1998) . This is in contrast to that reported in cowpea for Cu 2+ toxicity (Kopittke and Menzies 2006) and Pb 2+ toxicity (Kopittke et al. 2007) , where the root was considered to be the primary site of toxicity. Although the data suggest that the primary site of Ni 2+ toxicity in cowpea is the shoots, the site of Ni toxicity appears to be dependant upon the plant species (Seregin and Kozhevnikova 2006) . For example, the data of Yang et al. (1996) indicate that whilst Ni reduced shoot and root growth equally in cabbage (Brassica oleracea L.) and ryegrass (Lolium perenne L.), the roots of maize and white clover (Trifolium repens L.) were more sensitive to increasing Ni than were the shoots.
At the highest Ni 2+ activity (5.1 M), roots were visually damaged (Fig. 3d) , and in the two highest Ni 2+ treatments (3.3 and 5.1 M Ni 2+ ), lateral roots were initiated only in the air space above the surface of the nutrient solution and not (d) in the portions of the root continually exposed to the Ni 2+ -containing nutrient solution (Fig. 3b) toxicity resulted in an increase in the number of lateral roots per unit root length (Kopittke et al. 2007; Kopittke and Menzies 2006) . Indeed, most trace metals do not appear to inhibit the formation of lateral roots, as the root endodermis restricts the movement of the trace metal into the pericycle which is where lateral root initiation takes place (Dubrovsky et al. 2000; Seregin and Kozhevnikova 2006) . However, in maize, Ni has been shown to cross the endodermal barrier, accumulate in the pericycle, and restrict the formation of lateral roots (Seregin et al. 2003) . Seregin et al. (2003) also observed that Ni toxicity in maize roots suppressed cell division but not cell elongation.
Reductions in shoot growth associated with Ni toxicity are generally thought to be two-fold: (1) direct Ni toxicity, and (2) a Ni-induced deWciency of Fe or some other essential element (Mishra and Kar 1974) . Nickel-induced Fe deWciencies have been reported by numerous authors, with younger leaves of plants suVering Ni toxicity showing an interveinal chlorosis (Baccouch et al. 1998; Kukier and Chaney 2004; Parida et al. 2003) . Furthermore, Vergnano and Hunter (1953) reported that the foliar application of Fe to the chlorotic tissue of oat (Avena sativa) suVering Ni toxicity alleviated the symptoms. In the current study, the young leaves of plants grown in solutions containing ¸1.7 M Ni 2+ displayed an interveinal chlorosis similar to that caused by Fe deWciency, with shoot Fe concentrations decreasing from 120 g g ¡1 at 0.08 M Ni 2+ to 50 g g ¡1 at 5.1 M Ni 2+ (Table 1) , the latter value being well below the reported critical concentration for deWciency for Fe (70-75 g g ¡1 ) (Reuter and Edwards 1997) . The interveinal chlorosis of older leaves also observed in the 5.1 M Ni 2+ treatment was probably due to Ni-induced Mg deWciency, the Mg concentration of 1.2 mg g ¡1 being well below the published critical range of 3.0-3.5 mg g ¡1 (Reuter and Edwards 1997 . This result is similar to that reported by Piccini and Malavolta (1992) who observed that Ni toxicity in bean increased root Fe concentrations from 710 g g ¡1 (at 0 M Ni) to 8700 g g ¡1 (at 68 M Ni). This accumulation of Fe in the roots has been attributed to a decrease in the rate of transport of Fe to the shoots whilst the rate of Fe uptake by the roots was maintained (Yang et al. 1996) . A similar eVect on Fe concentrations in roots and shoots has been observed with Pb 2+ toxicity in cowpea by Kopittke et al. (2007) .
Apart from an increase in Fe (discussed above) and a decrease in Zn, root tissue nutrient concentrations showed no constant pattern across the Ni 2+ range investigated (Table 1) . It is unclear as to why root Zn concentrations decreased with increasing Ni 2+ , although it was not due to the presence of CDTA which was calculated to complex only 0.02% of the total Zn. In contrast to the roots, concentrations of Ca, Cu, Fe, K, Mg, Mn, and Zn in the shoot decreased with increasing Ni 2+ (Table 1 ). These observations are in general agreement with those reported for Ni toxicity in white clover, ryegrass, and cabbage (Yang et al. 1996) , tomato (Lycopersicon esculentum L.) (Palacios et al. 1998) , and fenugreek (Parida et al. 2003) . Interestingly, although the primary site of Ni 2+ toxicity in cowpea appears to be the shoot, the primary site of Pb 2+ and Cu 2+ toxicity in cowpea appears to be the root (Kopittke et al. 2007; Kopittke and Menzies 2006) . Nevertheless, all three trace metals have been shown to have a markedly similar inXuence on cowpea tissue nutrient concentrations. Indeed, when present at toxic levels, Ni 2+ , Pb 2+ , and Cu 2+ : (1) reduced shoot concentrations of Ca, Cu, Fe, K, Mg, Mn, and Zn, (2) had no clear eVect on the shoot concentrations of P or S, (3) had no eVect on root tissue concentrations of any nutrients other than Fe and Zn, (4) decreased root tissue Zn concentrations (except for Cu 2+ toxicity), and (5) increased root Fe concentrations (except for Cu 2+ toxicity). Similarities have also been observed in the toxicity symptoms of Ni 2+ , Pb 2+ , and Cu 2+ , with all three resulting in the formation of chlorosis in the shoots, and Pb 2+ and Cu 2+ causing the formation of a localized swelling behind the root tip.
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Conclusions
A Ni
2+ activity of 1.4 M was found to correspond to a 10% reduction in the relative fresh mass of cowpea roots and shoots. Root tissue Ni concentrations were 3-10 times greater than in the shoot tissue, with a 10% reduction in growth corresponding to a tissue Ni concentration of 42 g g ¡1 in the shoots and 440 g g ¡1 in the roots. Although the primary site of the Ni 2+ toxicity appeared to be the shoot (probably resulting from a Ni-induced Fe deWciency), the higher Ni 2+ activities were also toxic to the roots causing a reduction in growth and an inhibition of lateral root formation.
